Isomerization reactions are fundamental in biology, and isomers usually differ in their biological role and pharmacological effects. In this study, we have cataloged the isomerization reactions known to occur in biology using a combination of manual and computational approaches. This method provides a robust basis for comparison and clustering of the reactions into classes. Comparing our results with the Enzyme Commission (EC) classification, the standard approach to represent enzyme function on the basis of the overall chemistry of the catalyzed reaction, expands our understanding of the biochemistry of isomerization. The grouping of reactions involving stereoisomerism is straightforward with two distinct types (racemases/epimerases and cis-trans isomerases), but reactions entailing structural isomerism are diverse and challenging to classify using a hierarchical approach. This study provides an overview of which isomerases occur in nature, how we should describe and classify them, and their diversity.
Isomerization reactions are fundamental in biology, and isomers usually differ in their biological role and pharmacological effects. In this study, we have cataloged the isomerization reactions known to occur in biology using a combination of manual and computational approaches. This method provides a robust basis for comparison and clustering of the reactions into classes. Comparing our results with the Enzyme Commission (EC) classification, the standard approach to represent enzyme function on the basis of the overall chemistry of the catalyzed reaction, expands our understanding of the biochemistry of isomerization. The grouping of reactions involving stereoisomerism is straightforward with two distinct types (racemases/epimerases and cis-trans isomerases), but reactions entailing structural isomerism are diverse and challenging to classify using a hierarchical approach. This study provides an overview of which isomerases occur in nature, how we should describe and classify them, and their diversity.
isomerases | enzyme reaction | EC-BLAST | reaction similarity | EC classification T he 3D structure and function of biomolecules are intimately linked. One of the most outstanding attributes of enzymes is their ability to recognize similar molecules, such as isomers, selectively. For example, glutamate racemase catalyzes the interconversion between the isomers L-glutamate and D-glutamate, with the first being one of the 20 amino acids used to build proteins, whereas the second is an essential component of bacterial cell walls (1) . Isomers of the same drug are often distinguished; for example, the tragic story of thalidomide unveiled how subtle changes in the spatial arrangement of atoms can have drastic consequences in their biological effect (2) .
The isomerases, which catalyze these interconversions, are involved in the central metabolism of most living organisms and have important applications in organic synthesis, biotechnology, and drug discovery (3) (4) (5) . In comparison to other classes, isomerases are a small class involving unimolecular reactions, which are easy to analyze manually. The study of the biological mechanisms of isomerases provided fundamental insights into the electrostatic principles of enzyme catalysis (6) and helped to reveal the connection between host-parasite interactions and cancer (7) . The challenges of automatically detecting stereoisomerization in reactions also make their chemistry technically interesting (8) (9) (10) (11) .
A standard description of the biological function of genes and proteins is essential to interpret and report the outcome of sequencing initiatives. Scientists have traditionally developed elaborate classification systems to group functions in a hierarchical manner. Among the existing approaches, enzyme function is probably the best described at the molecular level, due to the longstanding effort of a team of enzymologists from the Enzyme Commission (EC) of the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB) to classify enzyme function systematically. The EC classification is the most widely used system and uses four-digit identifiers known as the EC numbers describing different levels of the overall chemistry being catalyzed by an enzyme. For instance, alanine racemase is an isomerase (EC 5) catalyzing the racemization (EC 5.1) of the amino acid (EC 5.1.1) Ala (EC 5.1.1.1). This identifier serves as a bridge between biochemical data and genomic sequences allowing the assignment of enzymatic activity to genes and proteins in the functional annotation of genomes. Isomerases represent one of the six EC classes and are subdivided into six subclasses, 17 sub-subclasses, and 245 EC numbers corresponding to around 300 biochemical reactions (Fig. 1A) .
Although the catalytic mechanisms of isomerases have already been partially investigated (3, 12, 13) , with the flood of new data, an integrated overview of the chemistry of isomerization in biology is timely. This study combines manual examination of the chemistry and structures of isomerases with recent developments in the automatic search and comparison of reactions. Results obtained using our de novo reaction-based clustering approach were compared with the EC classification.
Results
Unlike other EC classes, the overall chemistry of isomerases is diverse, especially at the subclass level (Fig. 1A) . Some isomerases change stereochemistry [racemases and epimerases (EC 5.1) and cis-trans isomerases (EC 5.2)]; the rest catalyze major structural rearrangements and mirror the chemistry of other EC primary classes but act intramolecularly [intramolecular oxidoreductases (EC 5.3) evoke oxidoreductases (EC 1), intramolecular transferases (EC 5.4) are designated from transferases (EC 2), and intramolecular lyases (EC 5.5) are designated from lyases (EC 4)]. Finally, other isomerases (EC 5.99) refer to isomerases that do not fit any of the above and exhibit even greater diversity. Only three subclasses, EC 5.1, EC 5.3, and EC 5.4, are further divided into sub-subclasses depending on different attributes of the reaction: type of substrate, bond change,
Significance
Biologists are now challenged with the functional interpretation of vast amounts of sequencing data derived from genomics initiatives. Among all known proteins, the function of enzymes is probably the most investigated and best described at the molecular level. Together with enzymes changing the redox state of substrates and transferring chemical groups between molecules, isomerases catalyze interconversion of isomers, molecules sharing the same atomic composition but different arrangements of chemical groups. This study presents a way of describing isomerases that will give biochemists a method to search and utilize reaction data in a more knowledgebased manner. It captures our current knowledge, characterizing the chemistry of isomerization in biology, and will contribute to improving the annotation of sequences derived from genomes. reaction center, and chemical group transferred (Fig. 1A ). An approach using a combination of manual analysis informed by an automatic comparison and clustering of reactions was contrasted to the EC nomenclature to suggest key determinants involved in the classification of isomerization in biology (SI Appendix, Fig. S1A ).
Isomerase Reaction Data. At the time of writing, the NC-IUBMB (the body that oversees enzyme nomenclature) listed 5,385 active four-digit EC numbers in the classification, 245 of which correspond to isomerase EC numbers. The EC assigns an EC number to an enzyme and, based on experimental evidence, identifies its "dominant" reaction, even though the enzyme might be promiscuous and able to catalyze many different reactions. Biological databases, such as the Kyoto Encyclopedia of Genes and Genomes (KEGG; which is very widely used), rely on this socalled "IUBMB reaction," which is chosen by the KEGG as the representative reaction for the group of reactions associated with the same EC number. Only the 219 isomerase EC numbers with chemical structures available for all reactants and balanced IUBMB reactions were used in this analysis (Materials and Methods). This dataset represents the most complete compilation of isomerase chemistry existing in nature that is known today (SI Appendix, Table S5 ).
Bond Changes and Reaction Centers in the Isomerases. Using our algorithm EC-BLAST (14), we characterized the 219 isomerase reactions in our dataset by calculating the bond changes they perform and their reaction centers directly from the molecular equations describing the reactions. This analysis provides an overview of the chemistry of isomerase reactions in nature ( Isomerase Reactants. All isomerase reactions, as defined in the KEGG (15) , are reversible, with both substrates and products equally designated as reactants. Most reactions are unimolecular (a single substrate leads to a single product); the only exception is the interconversion catalyzed by L-phenylalanine racemase (discussed above). This enzyme is an ATP-hydrolyzing isomerase involving three substrates (L-phenylalanine, ATP, and water) and three products (D-phenylalanine, AMP, and diphosphate). A total of 370 reactants are present in our list of isomerase reactions, and 10% of them are present in more than one reaction. The three most common reactants, (S)-2,3-epoxysqualene, geranylgeranyl diphosphate, and prostaglandin H2, participate in one subclass only (EC 5.4, EC 5.5, and EC 5.3, respectively) (SI Appendix, Fig. S1C ). Remarkably, (S)-2,3-epoxysqualene, an intermediate in the biosynthesis of terpenoids in plants, animals, and fungi, is the substrate of 25 different oxidosqualene cyclases (EC 5.4.99), which catalyze diverse cyclization/rearrangement reactions to produce cyclic sterol and triterpene products (16) . In particular, these intramolecular transferases differ minimally in the structure of their active sites to generate structurally diverse cyclization products. Geranylgeranyl diphosphate is also involved in cyclization reactions undertaken by five different intramolecular lyases (EC 5.5.1) present in the mevalonate pathway of higher eukaryotes and bacteria. Finally, prostaglandin H2 is a A B For
in the analysis of substrates and products. The first catalyzes the racemization of L-lysine to D-lysine. The second is a radical S-adenosyl-L-methionine (SAM) enzyme; it uses pyridoxal-5′-phosphate (PLP) as a cofactor and transfers an amino group from C2 to C3 in L-lysine to produce (3S)-3,6-diaminohexanoate (17) . The third example is also a radical SAM enzyme, but it is not PLP-dependent and catalyzes a mutase reaction that uses L-lysine to generate 3-methylornithine, a key precursor in the biosynthesis of pyrrolysine. This chemical compound is the 22nd proteinogenic amino acid encoded as the UAG codon in the genetic code of methanogenic archaea and bacteria (18) . Although the three isomerases share L-lysine as a reactant and the two radical SAM enzymes have similar overall chemistry as evidenced by bond changes and reaction centers, the chemistry of lysine racemase is different. The difference in the use of the PLP cofactor between the radical SAM enzymes is only apparent if mechanistic information is considered. The subdivision of the EC 5.1, EC 5.3, and EC 5.4 isomerase subclasses into sub-subclasses was investigated (Fig. 1A) . First, although racemases and epimerases acting on amino acids (EC 5.1.1) and carbohydrates (EC 5.1.3) have the same bond changes, they split by reaction centers and reactants into different groups (SI Appendix, Fig. S6A ). This observation is consistent with previous investigations exploring EC 5.1 reactions on the basis of chirality codes and self-organizing maps (10) . Second, bond changes and reaction centers reveal similarities between intramolecular oxidoreductases interconverting aldoses and ketoses (EC 5.3.1) and ketoand enol-groups (EC 5.3.2) and differences from intramolecular oxidoreductases transposing C=C bonds (EC 5.3.3) (SI Appendix, Fig. S6B ). Third, the division of EC 5.4 on the basis of the chemical group transferred seems sensible but proved difficult to extract using our chemical attributes. For instance, isochorismate synthase (EC 5.4.4.2) and chorismate mutase (EC 5.4.99.5) isomerize the substrate chorismate into isochorismate and prephenate, respectively. Although both reactions share the same substrate and similar bond changes and reaction centers, the former involves the transfer of a hydroxyl group, whereas the latter converts a 2-hydroxyprop-2-enoic acid group (SI Appendix, Fig. S6C ).
Structures of Isomerases.
To provide an overview of the relationship between isomerase chemistry and protein structure, we performed a manual analysis of the domain composition of all available isomerase 3D structures. A total of 136 isomerase EC numbers have Protein Data Bank (PDB) structural data and Class Architecture Topology Homologous (CATH) domain definitions according to the Structure Integration with Function, Taxonomy, and Sequences (SIFTS) resource (19) . The data are shown in Fig. 3 and SI Appendix, Fig. S8 , in which the catalytic domains, the minimum set of domains necessary for the catalysis of each EC number, are displayed. Almost one-fifth (24 EC numbers) of the EC numbers are associated with multiple unrelated protein folds, showing that these functions have evolved multiple times from unrelated protein structures with different domain compositions, most often consisting of two or three distinct catalytic domains (SI Appendix, Fig. S8 ). Among the most diverse EC numbers, we find the peptidylprolyl isomerases (EC 5.2.1.8), which catalyze the cis-trans isomerization of proline peptide bonds, and display 11 unrelated protein structures corresponding to 14 domains. Also, for chorismate mutase (EC 5.4.99.5) and the DNA topoisomerases (EC 5.99.1.2 and EC 5.99.1.3), we observe that these reactions are performed by six unrelated proteins.
In total, we identified 141 different domains involved in the catalysis of isomerase function (Fig. 3C) . These enzymes all transform C-C bonds in ring structures (SI Appendix, Fig. S9B ). In a separate study of the evolution of isomerases (20), we found that isomerases most frequently evolve to become lyases, presumably because of the similarity in chemistry that this clustering reveals. There is also some clustering with transferases that convert aldehyde or oxo groups (EC 2.2), C-C lyases (EC 4.1), and oxidoreductases acting on the CH-OH group of donors (EC 1.1). Most enzymes belonging to these subclasses perform O-H and C-H catalysis and chiral inversions. The composite measure we use to combine reactions in a given subclass sometimes masks individual reactions that do not follow the overall trend. For example, the 2,3-diphosphoglyceratedependent and -independent phosphoglycerate mutases (EC 5.4.2.11 and EC 5.4.2.12, respectively) catalyze the intramolecular transfer of a phosphate group in the conversion of 3-phosphoglycerate to 2-phosphoglycerate in the glycolysis pathway. These enzymes share the catalysis of O-P and O-H bonds with phosphotransferases and kinases (EC 2.7), phosphatases and phosphoric ester hydrolases (EC 3.1), and other hydrolases acting on phosphoruscontaining anhydrides (EC 3.6). The EC 5.99 isomerases are completely different from the other isomerases and do not cluster with them, or really with any other reactions, in the heat map. Their closest neighbors are predominantly oxidoreductases, but similarities are low.
Discussion
In this paper, we have revisited the isomerase classification, using an automated approach to capture three critical characteristics of enzyme reactions: the changes they generate in covalent bond structure, their reaction centers, and the structure of the substrates and products involved. This study considers neither the mechanisms nor any cofactors used in catalysis (21) , which has some advantages, because mechanistic information is difficult to validate experimentally and is therefore disputed in the literature. In addition, mechanistic components are usually not captured in reaction files, and the EC classification does not use mechanisms per se. At the time of writing, only one-fifth of the isomerase reactions have mechanistic data in the Mechanism, Annotation, and Classification in Enzymes (MACiE) resource (22), and we also note that mechanism does not correlate particularly well with the EC classification (23) .
Overall, the automatic approach in EC-BLAST works rather well, being able to handle 99% of all isomerase reactions. However, there are still some of these reactions involving cyclizations of (S)-2,3-epoxysqualene and derivatives (EC 5.4.99) that are fairly complex even at the overall level. As a result, these reactions are challenging for atom-atom mapping and difficult to handle in our automatic approach. This limitation led to an overestimation of their number of bond changes, and work to resolve these issues is ongoing.
The correlation between our automated clustering of the isomerases and the EC classification is mixed. Previous studies found agreement between the grouping of biochemical reactions based on chemical attributes and the EC classification, especially in oxidoreductases (EC 1), hydrolases (EC 3), and ligases (EC 6) (24) (25) (26) (27) . We deliberatively chose the clustering algorithm and number of clusters to optimize comparison with the EC classification in terms of fitting subclasses. On the whole, bond changes work best for partially recreating the six subclasses (Fig. 2) . Nevertheless, the bond change distribution is not pure, highlighting the nonhierarchical nature of chemical reactions, including isomerases. Reaction centers generate a more complex classification but support the results obtained by bond changes. Clustering based on the structures of substrates and products shows clear differences compared with clustering using bond changes and reactions centers (SI Appendix), but this approach is useful to find enzymes that work on the same reactants.
To summarize the evidence, the classification of enzymatic isomerization is not easy because the nature and number of chemical attributes are drastically different between the subclasses of isomerases. Racemases, epimerases, and cis-trans isomerases (EC 5.1 and EC 5.2) have relatively few bond changes and reaction centers, and are sensibly grouped using either metric. However, EC 5.3, EC 5.4, and EC 5.5 are present in mixed clusters and involve more complex combinations of bond changes and reaction centers between substrates and products. This variation leads to more chemical diversity, which poses challenges when trying to classify them using a hierarchical approach.
The intramolecular isomerases (EC 5. The subclass "other isomerases" (EC 5.99) sits apart from the rest and exhibits even greater chemical diversity. The topoisomerases (EC 5.99.1.2 and EC 5.99.1.3) change the topology of DNA while maintaining atom connectivity, and can thus be considered to be stereoisomerases (28) , whereas thiocyanate isomerase (EC 5.99.1.1) and 2-hydroxychromene-2-carboxylate isomerase (EC 5.99.1.4) qualify as structural isomerases.
Overall, this study of the chemical attributes of biological isomerization reflects differences depending on the type of isomerism between substrate and product, and highlights three groups of similar reactions: enantioisomerism (racemases and epimerases), cis-trans isomerism (cis-trans isomerases), and structural isomerism (intramolecular oxidoreductases, intramolecular transferases, and intramolecular lyases). The other isomerases include both stereoisomers and structural isomers.
Even the combination of all three ways of comparing enzyme reactions is not able to identify all of the isomerases exclusively or to reproduce ab initio the primary classification of enzymes as defined by the EC. However, this robust automatic approach provides a rigorous way to characterize all of the isomerase reactions and to discriminate between some of the subclasses. It is also powerful for studying their evolution (20) and to assist in the development of enzymes to perform novel reactions, based on a better description of extant enzymes.
Materials and Methods
Reaction Curation and Similarity. Structural information about the substrates and products of the IUBMB reactions associated with 219 active four-digit isomerase EC numbers was available from the 70.0+ release of the KEGG (15) and accessible using the KEGG Advanced Programming Interface (29) . Structures were downloaded in MDL Molfile format, analyzed using RDKit (30) , and visualized using MarvinSketch software (version 5.9.4) from ChemAxon (31) . Explicit hydrogens were manipulated using the Molecule File Converter of Marvin, and reaction files were built, cleaned, balanced, and stored in Rxnfile format. All-against-all similarities between reaction fingerprints were calculated on the basis of bond changes, reaction centers, and structures of substrates and products using EC-BLAST (14) . Bond changes refer to the cleavage and formation of chemical bonds, changes in bond order, and stereo-changes. A reaction center is the collection of atoms and bonds that are changed during the reaction, also known as the local atomic environment around the atoms involved in bond changes (SI Appendix). To measure reaction similarity, a Tanimoto score was used ranging between 0 (no similarity) and 1 (identical reactions). This analysis assumed a one-toone relationship whereby a single IUBMB reaction uniquely designates any given isomerase EC number. However, this assumption is an approximation, and almost 30% of EC numbers are associated with more than one reaction.
Cluster Analysis. To find groups of similar reactions, hierarchical clustering was performed using the R Environment for Statistical Computing (32) . Three approaches were used to select the best clustering algorithm and to choose the optimal number of clusters. First, using external evaluation, clustering algorithms were compared on their ability to obtain the greatest purity in EC subclasses or sub-subclasses using the F measure as implemented in in-house scripts. This score is the harmonic mean of precision (p) and recall (r), defined as Fmeasure = EC subclass and the same cluster, FP (false positives) are the number of pairs in different EC subclass but located in the same cluster, and FN (false negatives) are the number of pairs in the same EC subclass but located in different clusters. Second, as internal evaluation, hierarchical trees were pruned at the height that simultaneously minimizes the number of clusters and the spread within each cluster using the maptree package (33) . Third, the best correspondence between clusters and EC classification was explored using the mclust package (34) , which helped to determine the extent to which subclasses and sub-subclasses are prevalent in clusters.
Comparative Analysis. Similarity distributions and clustering solutions computed for each chemical attribute were compared using several strategies. First, differences and correlations between similarity distributions were evaluated using the Kolmogorov-Smirnov test and Pearson's correlation coefficient (r), respectively (35, 36) . Second, the cross-tabulation of reactions resulting from different clustering methods was manually analyzed using contingency tables. Third, topological distances between clustering trees, defined as twice the number of internal branches representing different bipartitions of the tips (37), were also used. Fourth, tanglegrams involved drawing reaction clustering trees opposite to each other for visualization (38) . The number of chemical attributes for EC subclasses was aggregated on the basis of each individual reaction and normalized by the number of reactions in each subclass. Cluster analysis was used to compare subclasses as described above.
